Abstract The cosmogenic radionuclide 35 S (t 1/2~8 7 days) is a unique tracer for high-altitude air mass and has been used extensively to understand stratospheric air mass mixing. In this paper, we investigate if 35 S can be utilized as an independent tracer to quantify glacier melt. We report the first measurements of S activity in the Zhadang glacier was found to be 3-8 times higher relative to the nearby lake water. The main source of 35 S activity in the Zhadang glacier is atmospheric deposition, whereas both atmospheric deposition and glacier snowmelt are the primary sources in the Nam Co Lake. The focus of this study is to quantitatively determine the spatial and temporal variations in glacier snowmelt. In the future, extensive sampling of aerosols and snow is required for determining 35 S in combination with stable oxygen isotopes in sulfate to better understand the glacier melt process and hydrological cycle on the Tibetan Plateau.
Introduction
The Tibetan Plateau (27°N-45°N, 70°E-105°E, average elevation~4 km) is a home to nearly 36,800 glaciers amounting to a total glacial area of~49,873 km 2 [Kang et al., 2010] . It is the largest ice mass outside polar regions, and thereby known as the third pole. The ice melt from these glaciers sustains Asia's 10 major rivers including the Yangtze, Yellow, Mekong, Ganges, Brahmaputra, and the Indus Rivers, which are the sources of water for about 40% of the world's population, including China, India, and many Southeast and East Asian countries [Ding et al., 2008; Xu et al., 2009] . Recently, there has been evidence of climatic changes in the Tibetan Plateau, including increased warming, early snowmelt, and the retreat of high mountain glaciers [Duan and Wu, 2006; Kang et al., 2010; Liu and Chen, 2000; Niu et al., 2004; Wang et al., 2008; Zhang et al., 2012] . Satellite and field measurements show that the majority of glaciers on the Tibetan Plateau and the neighboring regions are shrinking more rapidly than previously thought [Ding et al., 2006; Li et al., 2008; Xiao et al., 2007; Zhang et al., 2012] . Local pollution and long-range transport of mineral dust and aerosols from the deserts of western China, Afghanistan/Pakistan, and the Middle East [Cong et al., 2009; Fu et al., 2006; Kang et al., 2010; Lau et al., 2006 Lau et al., , 2010 Qian et al., 2011; Wang et al., 2008; Xu et al., 2009 Xu et al., , 2012 play an important role in temperature rise and albedo reduction, which consequently accelerates the melting of mountain glaciers. It has been proposed that atmospheric heating by Asian Brown Clouds [Ramanathan et al., 2007] and snow-darkening effects by black carbon and dust [Qian et al., 2011; Xu et al., 2009] contribute substantially to the early snowmelt and retreat of mountain glaciers as well. Li et al. [2008] estimated that the glacier area might decrease by nearly 30% in 2050 with glacier runoff increasing to its maximum value in 2030. Tibetan glacier melt will have a severe impact on future water availability in Asian countries [Barnett et al., 2005; Ding et al., 2008; Immerzeel et al., 2010] . Therefore, it is important to develop independent tracers to determine the extent of glacier melt and to verify model predictions in an afford to aid law regulations hoping to protect the Tibetan glacier. In this paper, we demonstrate that the naturally occurring cosmogenic radioactive isotope of sulfur ( 35 S, half-life = 87 days) is a perfect tracer to understand hydrological processes on short time scales and also a unique tool to quantify the snowmelt on the Tibetan glacier, providing new information to enhance current model predictions.
The cosmogenic radionuclide Sulfur-35 (half-life t 1/2 = 87 days) is produced by high-energy cosmic ray spallation of argon atoms ( 40 Ar) in the atmosphere [Lal and Peters, 1967] . The production rate of 35 S has both latitudinal and altitudinal dependence. For example, minimum production of 35 S is seen in the equatorial troposphere, whereas maximum production occurs in the polar stratosphere. [Lal and Peters, 1967; Priyadarshi et al., 2011b Priyadarshi et al., , 2012 Turekian, 1991, 1995; Turekian and Tanaka, 1992] aerosol particles (<2 μm) in the Tibetan Plateau region (10-12 days) is less than its radioactive half-life (87 days). Therefore, the ultimate fate of 35 SO 4 2À is largely deposition on snow and lake/river water. Since the atmospheric factors (altitude, wind speed, precipitation, and aerosol residence time) influencing 35 S concentration is different at glaciers than other low-lying region, glacier snow is expected to contain significantly higher 35 S activity as compared to lake and river water in the Tibetan Plateau.
The short half-life of 35 S allows it to be used as a tracer of hydrological processes and sulfur migration between different reservoirs such as the atmosphere, hydrosphere, cryosphere, and biosphere that occur on time scales of months to approximately a year. In the past, 35 S has been used as a tracer to understand the sulfate biogeochemical cycle and a dating tool for determining the source and age of water and quantitatively derive the contribution of glacier melt and ground water [Cecil et al., 1998; Cooper et al., 1991; Kester et al., 2003; Michel et al., 2001; Plummer et al., 2001] . For example, Cooper et al. [1991] used natural 35 S along with stable sulfur isotopes to study spring runoff in a small Arctic watershed. Sueker et al. [1999] employed 35 S technique to study the hydrology of three small basins in the Front Range of the Rocky Mountains.
The Tibetan Plateau contains closed catchments where glacier melts are stored in lakes through river runoff. In this closed system, monitoring 35 S activity in atmospheric aerosols, glacier snow, glacier-fed lakes, and river water will enable us to determine the source and age of lake water developing a better understanding of the hydrological processes on the Tibetan Plateau. Here we present the first attempt to determine 35 S in samples collected from various locations in the Tibetan Plateau.
Sampling
Atmospheric samples including aerosol, SO 2 , glacier snow, lake, and river water were collected during [2009] [2010] [2011] [2012] [Cong et al., 2009] . This sampling station is established near Nam Co Lake, which is close to the Nyainqentanglha Mountain and about 50 km northeast of the Zhadang glacier. The bulk aerosol samples and SO 2 samples were collected on quartz and KOH-treated quartz filter paper [Forrest and Newman, 1973] annual average precipitation at Nam Co station is about 414 mm/yr mainly occurring between June and September under the influence of the Asian summer monsoon [Huang et al., 2012; Kang et al., 2011] .
Water samples were collected from 19 different lakes and rivers (Qugaqie and Niyaqu River), which are supported by winter-spring snowmelt, and summer precipitation mainly supports these rivers [Kang et al., 2011] . Snow samples were collected from the Zhadang glacier on Mount Nyainqentanglha in the southern Tibetan Plateau (Figure 1 and Table 3 ). Fresh surface snow (0-24 cm) and deep snow (coarse-grained snow, 24-59 cm) samples were collected from the Zhadang glacier col (N 30.47°, E 90.65°, 5800 m) and Zhadang glacier terminal (N 30.48°, E 90.64°, 5500 m). At the Zhadang glacier terminal, surface and deep snow represents a depth of 0-11 cm and 11-20 cm, respectively. Three liters of lake and river water sample and snowmelt water were passed through an ion exchange (BioRad-Anion resin) resin column to trap sulfate ions. All resin-filled columns and aerosol filter papers were shipped to the University of California, San Diego, for the analysis of total sulfate concentration and radioactive 35 S by following the standard chemical processing technique [Brothers et al., 2010] . Organic contaminants and chlorine salts were removed before counting 35 S activity in an ultralow-noise liquid scintillation counter [Brothers et al., 2010; Priyadarshi et al., 2011a] . The raw 35 S data are corrected for the background activity and for the decay time between sampling and measurement.
Results and Discussion
For a quantitative understanding of temporal and spatial distribution of the Tibetan glacier melt, a welldefined mapping of 35 S is required. (Table 2 ). Similar to bulk sulfate concentration (variation by a factor 10), the concentration of total suspended particle (TSP) at Nam Co station ranges from 48 to 361 nmol/m 3 (annual average of 67 nmol/m 3 ) with maximum concentrations observed during spring and summer periods [Cong et al., 2009] . The average sulfate concentration at Nam Co station was higher as compared to Dome C in Antarctica [Priyadarshi et al., 2011b] which probably due to local pollution as well as the long-range transport of mineral dust and aerosol from the desert in western China to Nam Co station [Li et al., 2007] .
The bulk sulfate concentration was higher in surface snow at the Zhadang glacier col as compared to the Zhadang glacier terminal (Table 3 ). Both at col and terminal, the deep snow samples showed a lower sulfate concentration relative to the surface snow samples. Bulk sulfate concentration in the Zhadang glacier range from 0.4 μmol/L to 2.4 μmol/L which is agreeing with measurements of bulk sulfate concentration in 2008 snow pit samples at Zhadang glacier col which vary from 0.4 μmol/L to 11.7 μmol/L [Huang et al., 2012] .
The bulk sulfate concentration in lake and river water varies from 2.1 μmol/L to 578.1 μmol/L and 6.2 μmol/L to 71.4 μmol/L, respectively (Table 3 ). The sulfate concentration in all lake and river water samples was higher by a factor of 2-500 and 6-70, respectively, compared to the average sulfate concentration measured in the Zhadang glacier (1.7 μmol/L). Wang et al. [2010] reported an average concentration of sulfate ion of 2170 μmol/L in Nam Co Lake water, whereas our data show 359 μmol/L. The difference in concentration might be due to the depth at which water samples were collected. Wang et al. [2010] collected samples at depths of 20 m to 68 m at an interval of 5 m whereas in our case, samples were collected at the surface level. The major sources of sulfate ion in the Nam Co Lake and river water are rock weathering, dissolution of evaporate minerals, and anthropogenic pollution [Wang et al., 2010; Zhang et al., 2008] . , respectively) relative to the Nam Co station . This is the result of the lower 35 S production rate at sea level and lower probability of stratospheric intrusion events, , respectively [Hill-Falkenthal et al., 2013; Priyadarshi et al., 2011b] . Dome C is situated at a similar altitude as Nam Co; however, it has the highest 35 S production rate due to the higher abundance of cosmic rays at the pole.
The monthly average activities of 35 SO 4 2À at Nam Co exhibit higher activity during winter-spring (December to May) relative to summer-autumn (July to November) ( ) measured on 1 March 2012 is the highest activity measured so far in a natural atmospheric sample. This result is influenced by an influx of stratospheric air mass enriched in 35 S intruding into the boundary layer. The stratospheric intrusion events occur more frequently during the winter [Chen et al., 2011] . The positioning of Tibetan Plateau (mainly high altitude) on the world map is such that it serves as a gateway for tropospheric-stratospheric air mass exchange [Fu et al., 2006; Park et al., 2009] , which enhances the probability of downward stratospheric air masses mixing. During stratospheric-tropospheric exchange, a S, summer monsoon air masses are also devoid of ozone and are held responsible for the loss of ozone observed in the Tibetan atmosphere during summer when ozone poor air masses from the Bay of Bengal ascends toward the midtroposphere (8-12 km) leading to a decrease in ozone concentration [Tobo et al., 2008; Zhou and Zhang, 2005; Zou, 1996] . Additionally, the strong surface heating during summer leads to a well-mixed boundary layer, up to 8 km asl [Yang et al., 2004] and increases the height of the troposphere up tõ 17 km asl [Fu et al., 2006; Tian et al., 2008] leading to lower occurrence of stratospheric intrusion events. Therefore, a frequent precipitation and a decrease in stratospheric intrusion events are mainly responsible for the decrease in 35 S activity during summer.
Sulfate-35 Activity in Zhadang Glacier and Lake/River Water
The average 35 SO 4 2À activity in Zhadang glacier snow was measured to be 57 ± 31 × 10 3 (mean ± 1σ) atoms per L, with a range of 25 ± 4 × 10 3 to 97 ± 5 × 10 3 atoms per L. Surface snow collected at the Zhadang glacier terminal shows the lowest 35 SO 4 2À activity (64 × 10 3 atoms/L) whereas Zhadang glacier col sample has the highest activity (97 × 10 3 atoms/L). The 35 SO 4 2À activity in the deep snow (coarse grained) was found to be 3-4 times lower than the surface snow and is probably due to the loss of 35 SO 4 2À by ion percolation and radioactive decay over time. Sulfate-35 activity in lake water varies from 10 ± 5 × 10 3 to 94 ± 6 × 10 3 atoms per L (Table 3) (Table 3) . On the other hand, 35 SO 4 2À activity in Lake Tahoe, (situated in the California-Sierra Nevada region, at an altitude of~2 km) was measured to be 26 ± 7 × 10 3 atoms per L, which is 3 times higher than the activity observed in Miramar Lake. Similar to the Tibetan lakes, Lake Tahoe is a snow fed lake and receives higher 35 S flux by atmospheric deposition; thereby, 35 SO 4 2À activity in Lake Tahoe is similar to the activity measured in Tibetan lakes.
Age Determination Based on 35 S
At Zhadang glacier, snowmelt is strong during summer; thereby, snow stored as ice is negligible which often leads to a negative or deficit in annual mass balance [Zhang et al., 2013] . Nearly all of the snowpack melts during summer and flows into runoff whereas snow sublimation is weak during rest of the year. Lake surface water is approximately 4-7 times lower compared to the Zhadang glacier. The possible reasons are the following: (1) Zhadang glacier may not be the only source of input water to the lake [Zhang et al., 2013] . Probably, the snowmelt of both fresh and old ice (containing less or no 35 S activity) of different glacier contributes significantly toward the lake water. (2) Lake Nam Co is a well-mixed lake where deep water containing no 35 S from the lake bottom mixes with the surface water and consequently dilutes the surface water 35 S activity. Considering the low surface temperature and the size of the Nam Co Lake, the second biggest lake on the Tibetan Plateau (total area 2017 km 2 and total catchment area of 10,680 km 2 , average depth~90 m), it is unlikely that the lake is well mixed [Zhou et al., 2013] . Our
35
S data indicate the existence of multiple water sources from the Nam Co Lake, which agrees with the estimation from Zhou et al. [2013] that precipitation and meltwater runoff from the glaciers account for 23-28% and 7-22% of the total water input to the lake, respectively. spring and summer, respectively, the average age of the Nam Co Lake surface water and Qugaqie and Niyaqu rivers are estimated to be 9.7 ± 0.7 months and 10.8 ± 0.4 months, respectively, which is an upper limit of the estimate. This is the age of the Nam Co Lake surface water and is order of magnitude younger than the reservoir age. Based on radioactive isotope ( 137 Cs and 210 Pb) tracer technique, the reservoir age of the sediment core from the Nam Co Lake was estimated to vary from 2476 to 1200 years [Zhu et al., 2008] . per L and is 3-8 times higher than the 35 SO 4 2À activities measured in lake and river water. Based on our limited data set and neglecting deep water mixing and the biological sulfur uptake, the average age of surface lake water was determined to be 10 ± 1 months. In the future, an extensive sampling with high temporal resolution measuring 35 S and the oxygen isotopic anomaly in sulfate would lead to better constraints on the hydrological cycle and help quantitative understanding of glacier melt at the Tibetan Plateau.
The radiogenic 35 S provides an ideal clock to understand the natural sources and sinks of water-soluble sulfate. It is utilized to understand the movement between different sulfur reservoirs and ultimately to estimate the percentages of glacier melt. Careful analysis of 35 SO 4 2À concentrations in glacier and lake-river water throughout the year, particularly before the onset of snowmelt and during peak discharge time periods will help better constrain the contribution of glacier snowmelt as an input flux. Triple oxygen isotope abundances in sulfate provide additional information regarding 35 SO 2 oxidation pathways and the presence of the oxidant (O 3 , H 2 O 2 , and OH) levels in the atmosphere [Alexander et al., 2005; Savarino et al., 2000] Lee and Thiemens, 2001] will be used to understand the sulfate biogeochemical cycle and to determine the unaltered fraction of atmospherically derived sulfate in the lake-river water.
